The purpose of this study was to evaluate cardiorespiratory fitness and reasons for exercise 47 curtailment in a contemporary adult cystic fibrosis (CF) cohort with mild lung disease. Adults 48 with mild CF (n=19, FEV 1 =95±17%predicted) were age-, sex-, ethnicity-, and body mass index-49 matched to healthy controls (n=19) and underwent a detailed cardiopulmonary cycle exercise 50 test. While CF subjects had a reduced peak oxygen uptake compared to controls, the values were 51 normal when expressed as %predicted in 14/19 (74%) of subjects. Both groups demonstrated a 52 normal cardiovascular limitation to exercise and stopped exercise primarily due to leg fatigue. 53
INTRODUCTION 70 71
Significant advances in health outcomes and survival have taken place in the field of 72 cystic fibrosis (CF) over the past few decades (39). A more aggressive approach to the 73 management of CF lung disease during the pediatric years has enabled patients to transition to 74 adult clinics with normal or near normal lung function. Based on the 2013 US CF Foundation 75
Patient Registry, the proportion of 18-year-olds in the normal/mild lung function category (i.e., 76 forced expiratory volume in 1 second (FEV 1 ) ≥ 70%predicted) has increased from 37% in 1988 77
to 72% in 2013 (45) . 78
79
Detection of physiological abnormalities in CF adults with relatively preserved 80 pulmonary function can be challenging but may provide an opportunity to initiate disease-81 modifying treatments earlier. The FEV 1 is considered the most robust measure of pulmonary 82 function in CF and relates to multiple endpoints including exacerbations and mortality but is 83 insensitive to early structural changes (42). Airways disease originates within the small 84 peripheral airways in CF and therefore its extent is often underestimated based on FEV 1 alone. 85
Measurement of lung clearance index, an indication of ventilation inhomogeneity from small 86 airways disease, is more sensitive than FEV 1 and can precede changes in FEV 1 by up to 2 to 3 87 years (21) but its use is currently limited to the research setting. Cardiopulmonary exercise 88 testing (CPET) is an alternative method that places stress on the cardiorespiratory system and 89 may uncover early physiological abnormalities not otherwise detected with traditional 90 spirometric parameters. Indeed, several recent studies have uncovered important physiological 91 abnormalities in chronic obstructive pulmonary disease (COPD) patients with well preserved 92 FEV 1 (5, 13, 16, 33) . 93
94
To our knowledge, no prior studies have focused on the exercise performance and 95 physiological reasons for exercise curtailment in adults with mild CF lung disease and compared 96 their results to a group of carefully matched healthy controls. One small study which consisted 97 of a mixed group of 10 adolescents and adults with mild CF lung disease demonstrated a slightly 98 reduced peak oxygen uptake (VO 2 peak) in comparison to age-matched healthy individuals (26) . 99
In contrast, another study found that VO 2 peak was not reduced in 6 children with CF and normal 100 lung function compared to controls (4). Accordingly, the purpose of this study was to evaluate 101 cardiorespiratory fitness and to comprehensively characterize the ventilatory and perceptual 102 responses to cycle exercise in CF patients with relatively well preserved spirometry. We 103 hypothesized that adult CF patients with normal/mild lung disease based on FEV 1 measurement 104 would have reduced cardiorespiratory fitness, increased dyspnea, and greater mechanical 105 ventilatory constraints compared to controls. 106
107

METHODS 108
history <20 pack-yrs. CF subjects were excluded if they had a disease other than CF that could 115 contribute to dyspnea or exercise limitation; contraindications to exercise testing; and use of 116 supplemental oxygen or desaturation <85% during exercise. Healthy controls were excluded if 117 they had any respiratory, cardiovascular, neuromuscular, or musculoskeletal condition(s) that 118 could contribute to dyspnea or exercise limitation. 119
120
Experimental Overview: This controlled, cross-sectional study received institutional ethical 121 approval and all subjects provided written informed consent prior to participating. The study 122 was conducted over one visit and included a detailed medical history, dyspnea evaluation, 123
anthropometric measurements, pulmonary function testing, exercise familiarization, and a CPET. 124 CF subjects were asked to refrain from using bronchodilator medications for between 6 and 12 125 hours, depending on if the medication was short-or long-acting. All subjects were encouraged 126 to avoid alcohol, caffeine and heavy meals for at least 4 hours, and to avoid strenuous exercise 127 for at least 48 hours before testing. 128 129 Pulmonary Function: Spirometry, plethysmography, diffusing capacity, maximum voluntary 130 ventilation (MVV), and maximum respiratory pressures were performed according to previous 131 recommendations (1, 24, 27, 44) using a commercially available cardiopulmonary testing system 132 (Vmax Encore 229, V62J Autobox; CareFusion, Yorba Linda, CA) and all measurements were 133 expressed as %predicted. The "poorly communicating fraction" (PCF) of total lung capacity 134 (TLC) was estimated as the ratio of TLC to alveolar volume and was expressed as a percentage 135 6 CPET Protocol: An incremental exercise test was performed using an electronically braked 138 cycle ergometer (Ergoselect 200P; Ergoline GmbH, Bitz, Germany) . The test consisted of a 139 steady-state rest for 6 minutes, a 1 minute warm-up of unloaded pedaling, and 20 watt stepwise 140 increases in work rate every 2 minutes until symptom-limitation. All subjects were familiarized 141 with the exercise testing procedures. This involved subjects performing unloaded cycling so that 142 they could practice inspiratory capacity (IC) maneuvers and become familiar with the symptom 143 scales and breathing apparatus. 144
145
CPET Measurements: Standard cardio-respiratory measures were recorded on a breath-by-146 breath basis and averaged over 30-second epochs (Vmax Encore 229; CareFusion, Yorba Linda, 147 CA). Heart rate, blood pressure, and arterial oxygen saturation were monitored using 12-lead 148 electrocardiography, manual sphygmomanometry, and pulse oximetry, respectively. The 149 anaerobic threshold was calculated using the V-Slope method (3). Operating lung volumes (i.e., 150 end-expiratory and end-inspiratory lung volumes) were derived from dynamic IC maneuvers as 151 previously described (14). The ventilatory reserve was determined as the ratio between maximal 152 minute ventilation and the measured MVV. The inflection in tidal volume (V T ) relative to 153 minute ventilation (V E ) was determined for each participant during the exercise test by 154 examining individual Hey plots (17). The presence and magnitude of expiratory flow limitation 155 (EFL) was assessed as previously described (15). Briefly, subjects performed graded expiratory 156 maneuvers from TLC to residual volume at varying efforts before and after exercise to account7 highest flows achieved for any given lung volume from all pre-and post-exercise expiratory vital 161 capacity maneuvers. This approach significantly reduces the false detection and overestimation 162 of EFL (15). Multiple tidal breaths at rest and for each stage of exercise were ensemble averaged 163 and then positioned within the MEFV curve according to the measured end-expiratory lung 164
volume. The magnitude of EFL was calculated as the % overlap between the expiratory portion 165 of the tidal breaths and the reconstructed MEFV curve. Subjects were considered flow limited if 166 they experienced >5% EFL at any point during the exercise test. An estimate of the ventilatory 167 capacity (V E cap) was determined as previously described (18). The %V E cap was determined by 168 dividing V E by V E cap. Predicted values for peak VO 2 and work rate are from Jones (20) . 169 170 Dyspnea Evaluation: Dyspnea intensity (defined as "the sensation of labored or difficult 171 breathing") and perceived leg discomfort were evaluated at rest, every minute during exercise, 172 and at peak exercise using the modified 0-10 Borg scale. Upon exercise cessation, participants 173 were asked to verbalize their main reason(s) for stopping exercise (i.e., breathing discomfort, leg 174 discomfort, combination of breathing and legs, or some other reason). 175 176 Statistical Analysis: Between group comparisons for descriptive characteristics, and exercise 177 responses at the V T /V E inflection and at peak exercise were compared using unpaired t-tests. 178
Comparisons at standardized submaximal cycle work rates were compared using repeated 179 measures ANOVA. To determine if group differences were present at various work rates, the 180 interaction between group and work rate was tested, followed by Bonferroni-adjusted post hoc 181 comparisons when results were significant. Spearman's and Pearson's correlation coefficients 182 were used to examine the association between measured variables (FEV 1 , PCF, BMI, sweat 183 chloride and peak VO 2 and work rate (%predicted). An independent t-test was used to compare 184 peak VO 2 and work rate (%predicted) by chronic Pseudomonas aeruginosa infection status 185 (yes/no). Reasons for stopping exercise and number of subjects with EFL were analyzed as 186 frequency statistics and compared between control and CF participants using the Fisher's exact 187 test. Statistical significance was set at p<0.05. Data are presented as means ± SD unless 188 otherwise specified. rate and VO 2 when expressed in absolute terms and as %predicted compared to controls ( Table  204 2). However, %predicted values for peak work rate and VO 2 were, on average, "normal" (i.e., 205 >84%predicted (2)) in the CF subjects. VO 2 %predicted was "normal" in 14 of 19 (74%) CF 206 subjects. The anaerobic threshold occurred at a slightly lower percentage of VO 2 peak in the 207 subjects with CF vs. controls but this did not reach statistical significance (67±9 vs. 72±9%, 208 p=0.09). Figure 1 shows the heart rate and O 2 pulse responses to exercise. Both groups 209 achieved maximal heart rates in excess of 90%predicted but CF subjects had a slightly lower 210 absolute and %predicted maximal heart rate compared to controls ( Table 2 ). The O 2 pulse 211 exceeded 100% predicted in both groups at peak exercise (Table 2 ). However, the O 2 pulse 212 response was lower in subjects with mild CF compared to controls throughout exercise ( Figure  213 
1). 214 215
Ventilatory Responses: Maximum V E was significantly lower in subjects with CF and this was 216 primarily driven by their lower V T (Table 2) . Submaximal V E and breathing pattern responses 217
were similar between groups (Figure 2 ). There were no differences in the ventilatory equivalent 218 for carbon dioxide throughout exercise. An inflection/plateau in V T relative to V E occurred at a 219 significantly lower work rate, VO 2 , and V E in CF subjects compared to controls (Table 2 and 220 Figure 2 ). Operating lung volumes and %V E cap are shown in Figure 3 . End-inspiratory lung 221 volume (EILV) was higher in CF subjects at submaximal work rates but both groups achieved a 222 similar EILV and inspiratory reserve volume at maximal exercise ( Table 2 ). The %V E cap was 223 significantly greater in CF subjects at rest and throughout all submaximal work rates with no 224 differences at maximal exercise. EFL occurred in 58% of subjects with CF and 37% of controls 225 (p>0.05). Figure 3 shows group mean flow-volume loops at rest, the highest equivalent work 226 rate (HEWR) achieved by all subjects (80W), and peak exercise superimposed within the MEFV 227 curve for both groups. CF subjects increased their EELV back towards resting levels at maximal 228 exercise but did not increase EELV beyond resting values (i.e., no dynamic hyperinflation). In 229 contrast, healthy controls maintained an EELV below resting values at maximal exercise. 230
231
Sensory Responses: Figure 4 shows the primary reasons for stopping exercise. The majority of 232 controls (58%) and CF subjects (63%) stopped because of leg discomfort alone. 5% of CF 233 subjects stopped because of dyspnea alone compared to 16% of controls (p>0.05). 32% of CF 234 subjects stopped because of dyspnea alone or in combination with leg discomfort compared to 235 26% of controls (p>0.05). Dyspnea intensity ratings were similar throughout submaximal and 236 maximal exercise but dyspnea ratings were higher in controls at the V T /V E inflection ( Figure 5) . 237
Leg discomfort ratings were similar between groups but tended to be greater in CF subjects at the 238
HEWR of 80W (p=0.05). 239 240
Correlations: There was a significant inverse relationship between sweat chloride and peak 241 work rate (%predicted) (n=17, r=-0.50; p=0.04) and a trend toward a significant inverse 242 association between sweat chloride and VO 2 peak (%predicted) (n=17, r=-0.45; p=0.07). There 243 was no significant correlation between FEV 1 (%predicted), PCF, BMI, and peak VO 2 244 (%predicted) or work rate (% predicted) (all p>0.05). Subjects with chronic Pseudomonas 245 aeruginosa infection had a lower VO 2 peak (90±24 vs. 112±14%predicted; p=0.02) and peak 246 work rate (71±23 vs. 98±18%predicted; p=0.01) compared to those without chronic 247
Pseudomonas aeruginosa infection. To our knowledge, this is the first study focused on exercise performance and physiologic 254 reasons for exercise curtailment in a contemporary adult CF cohort with mild lung disease. Our 255 study cohort was unique as it focused exclusively on adults with normal to mildly impaired lung 256 function (FEV 1 =95±17%predicted). Previous exercise studies evaluating "mild" CF have been 257 limited to ≤10 participants) (4, 8, 26) or included patients with more substantial lung disease 258 with a mean FEV 1 ranging from 75% to 82%predicted (8, 34). Furthermore, the prior small 259 studies are not directly comparable to our cohort as one study focused exclusively on children 260 (≤13 years old) (4), one study focused on the non-invasive measurement of anaerobic threshold 261 in adults (FVC>70%predicted) 90%predicted. Adult subjects with mild CF had reduced peak VO 2 and maximal cycle work 270 rates compared to controls, but most subjects had values that were in the normal range based on 271 predicted values. The majority of CF subjects stopped exercise due to intolerable leg discomfort 272 rather than dyspnea, a finding that was consistent with the healthy controls. Thus, patients with 273 mild CF appear to have reasonably well preserved cardiorespiratory fitness and exercise 274 performance and are limited by non-respiratory factors, similar to the findings of previous 275 studies (6, 8, 22, 25) . While exercise capacity measurements fell within the normal range for the 276 majority of CF subjects, the impact of slightly reduced exercise capacity based on %predicted 277 values should not be understated as mildly reduced exercise capacity (75-100%predicted vs. > 278 100%predicted) has been reported to be an independent predictor of mortality among healthy 279
males (30). 280
The reduced O 2 pulse and anaerobic threshold observed in our mild CF group likely 281 reflects lower conditioning relative to the healthy controls. However, one cannot exclude 282 pulmonary vascular disease or an abnormality in skeletal muscle O 2 extraction as potential 283 explanations. A prior study focused on mild CF (FEV 1 56-80%predicted) suggested that reduced 284 stroke volume recruitment might be a result of impaired right ventricular systolic function due to 285 the impact of gas trapping and dynamic hyperinflation on pulmonary vascular resistance (35). 286
We do not believe this to be the case in our mild CF group as there was no evidence of dynamic 287 hyperinflation. Peripheral skeletal muscle dysfunction has been reported in mild CF and exists 288 independent of lung function, nutritional status (36), muscle mass (28), muscle conditioning (36), 289 and systemic inflammation (9). It is suspected to result from metabolic derangements intrinsic to 290 the muscle itself (7), such as inefficient mitochondrial oxidative metabolism (7, 28, 38) . 291
Selvadurai et al. (36) demonstrated that CFTR dysfunction might affect oxidative and anaerobic 292 metabolism in skeletal muscle as patients with milder CFTR mutations (classes III-IV) 293
demonstrate better exercise performance than patients with more severe mutations (classes I-II) 294 despite similar lung function (37). CFTR has intrinsic ATPase activity (12) and therefore 295 defective ATP hydrolysis could provide a potential mechanism for the inefficient oxidative and 296 anaerobic metabolism observed in prior studies in CF. In an exploratory analysis, we found an 297 inverse correlation between sweat chloride (a marker of cellular CFTR function) and peak work 298 (Table 2 ). However, this approach has well established limitations and provides little 304 insight into the nature or source of a ventilatory constraint (14, 19) . Accordingly, we performed 305 a comprehensive evaluation of ventilatory responses using several approaches including the 306 assessment of the V T /V E inflection, EFL, operating lung volumes, and %V E cap. This is the first 307 study to perform such a detailed assessment of ventilatory responses in CF patients with 308 relatively well preserved spirometry. These data provide some evidence of ventilatory 309 limitations in mild CF. For example, patients with mild CF reached an inflection/plateau in V T 310 relative to V E at a lower absolute ventilation, VO 2 , and work rate. The V T /V E inflection is 311 thought to represent a critical mechanical event during exercise in COPD and is associated with 312 both the intensity and qualitative dimensions of dyspnea (23, 32) . While dyspnea intensity 313 increased sharply following attainment of the V T /V E inflection in both groups, individuals with 314 CF experienced significantly less dyspnea compared to controls at the inflection point. This may 315 suggest that individuals with CF might have a higher threshold to report dyspnea relative to 316 healthy individuals. However, this remains speculative and warrants further investigation. 317
318
The EILV and %V E cap were elevated in mild CF relative to controls at submaximal work 319 rates. This suggests that patients with mild CF tend to breathe closer to TLC and use a larger 320 fraction of their maximum available flows to perform the same standardized work rates relative 321 to healthy individuals. Surprisingly, these ventilatory abnormalities were not associated with a 322 significant increase in dyspnea intensity compared to controls. Our mild CF cohort was not more 323 likely to develop expiratory flow limitation (EFL) or dynamic hyperinflation during exercise. 324
This observation is consistent with recent studies in CF demonstrating that EFL does not occur in 325 children with mild lung disease (4), and dynamic hyperinflation is more likely to develop in 326 patients with a lower FEV 1 (40). 327
328
We observed an inverse association between chronic Pseudomonas aeruginosa infection 329 status and exercise capacity. While Pseudomonas aeruginosa status is likely a marker of disease 330 severity as opposed to being causal in this relationship, one cannot exclude the potential role of 331
Pseudomonas aeruginosa on systemic inflammation and its potential downstream adverse effect 332
on skeletal muscle function and exercise capacity. A prior study has reported an inverse 333 relationship between chronic inflammation (i.e., IgG) and chronic Pseudomonas aeruginosa 334 infection status and maximal oxygen uptake, associations that remained significant following 335 adjustment for several confounders such as age, lung function, and CFTR genotype (43). 336 337 There were some limitations to this study. First, we did not measure baseline physical 338 activity levels as differences in overall conditioning could have explained at least part of the 339 difference in exercise performance observed between groups. Second, exercise testing was 340 performed on just one occasion for each patient (i.e. cross-sectional) but airway obstruction and 341 hence exercise performance can be affected by daily changes in mucus accumulation and 342 adherence to medications (e.g. mucolytics). To minimize any day-to-day fluctuation, we focused 343 on individuals with stable disease and subjects refrained from using their bronchodilators prior to 344 testing. Lastly, like most exercise studies, individuals with higher fitness levels might be more 345 likely to participate resulting in selection bias. As a result, we may have underestimated the true 346 extent of exercise limitation observed in mild CF. 347
348
In summary, the results of this study demonstrate that patients with mild CF lung disease 349 have reasonably well preserved cardiorespiratory fitness and exercise performance. 
